Abstract: Differences in allometric scaling of physiological characters have the appeal to explain species diversification and niche differentiation along a body mass (BM) gradient -because they lead to different combinations of physiological properties, and thus may facilitate different adaptive strategies. An important argument in physiological ecology is built on the allometries of gut fill (assumed to scale to BM1.0) and energy requirements/intake (assumed to scale to BM0.75) in mammalian herbivores. From the difference in exponents, it has been postulated that the mean retention time (MRT) of digesta should scale to BM1.0-0.75 = BM0.25. This has been used to argue that larger animals have an advantage in digestive efficiency and hence can tolerate lower-quality diets. However, empirical data does not support the BM0.25 scaling of MRT, and the deduction of MRT scaling implies, according to physical principles, no scaling of digestibility; basing assumptions on digestive efficiency on the thus-derived MRT scaling amounts to circular reasoning. An alternative explanation considers a higher scaling exponent for food intake than for metabolism, allowing larger animals to eat more of a lower quality food without having to increase digestive efficiency; to date, this concept has only been explored in ruminants. Here, using data for 77 species in which intake, digestibility and MRT were measured (allowing the calculation of the dry matter gut contents DMC), we show that the unexpected shallow scaling of MRT is common in herbivores and may result from deviations of other scaling exponents from expectations. Notably, DMC have a lower scaling exponent than 1.0, and the 95% confidence intervals of the scaling exponents for intake and DMC generally overlap. Differences in the scaling of wet gut contents and dry matter gut contents confirm a previous finding that the dry matter concentration of gut contents decreases with body mass, possibly compensating for the less favourable volume-surface ratio in the guts of larger organisms. These findings suggest that traditional explanations for herbivore niche differentiation along a BM gradient should not be based on allometries of digestive physiology. In contrast, they support the recent interpretation that larger species can tolerate lower-quality diets because their intake has a higher allometric scaling than their basal metabolism, allowing them to eat relatively more of a lower quality food without having to increase digestive efficiency. MRT scaling amounts to circular reasoning. An alternative explanation considers a higher 38 scaling exponent for food intake than for metabolism, allowing larger animals to eat more of a 39 lower quality food without having to increase digestive efficiency; to date, this concept has 40 only been explored in ruminants. Here, using data for 77 species in which intake, digestibility 41 and MRT were measured (allowing the calculation of the dry matter gut contents DMC), we 42
Introduction 59
The Jarman Under the assumption that indDMC scales as does wet matter contents, i.e. to BM 1.00 , and 159 DMI scales to BM 0.75 , we can thus assume that MRT particle GIT should scale to BM 0.25 if 160 digestive efficiency does not change with BM. Note that an increase in digestibility with 161 increasing BM (i.e., a decrease in indigestibility, or a negative exponent c) would lead to a 162 higher scaling exponent for MRT particle GIT, and a decrease in digestibility with increasing BM 163 would lead to a lower scaling exponent for MRT particle GIT. This is because a lower 164 digestibility would result in more material in the GIT that is pushed along due to the 165 continuous food intake, and hence make any particular portion of the indigestible digesta be 166 excreted relatively sooner (Hummel and Clauss, 2011) . 167 168 The calculation of gut fill can be expanded to include not only indigestible gut fill, but also 169 total gut fill (dry matter contents DMC) (Holleman and White, 1989) . For that, the digestible 170 portion of DMC (dDMC) has to be added to indDMC. To do so, one has to make an 171 assumption regarding the course of digestion. If one assumes digestion to be exponential over 172
MRT (with most of digestion occurring at the beginning of MRT and slowly 'fading out'), 173 then the estimated dDMC in the total GIT will be less than if one assumes digestion to be 174 linear across MRT. Holleman and White (1989) and Munn et al. (2012) showed that assuming 175 a linear course of digestion across MRT yields better results when validated against empirical 176 measures in slaughtered animals, albeit using small sample sizes. Because assuming a linear 177 course of digestion across MRT means that dDMC is assumed to be present in the GIT during 178 half of MRT, it follows that 179 dDMC [kg] = DMI [kg/h] * aD DM * (MRT particle GIT [h] / 2) (6). 180
Combining equation (3) and (6) Assuming that DMC scales similar as wet matter contents, i.e. to BM 1.00 , and DMI scales to 189 BM 0.75 , we can thus again assume that MRT particle GIT should scale to BM 0.25 if digestive 190 efficiency does not change with BM. Note that again, an increase in digestibility with BM 191 (i.e., a positive c) would lead to a higher scaling exponent for MRT particle GIT, and a decrease 192 in digestibility with BM would lead to a lower scaling exponent for MRT particle GIT. One 193 important conclusion from these derivations is that if one uses the scaling of intake and gut 194 fill to make any conclusions about digesta retention, one must not use the result to make 195 inferences about digestive efficiency -because an assumption about the scaling of 196 digestibility is made already (explicitly or implicitly) to derive the scaling of digesta 197 retention. Deriving a scaling for digesta retention in this way and then using it to explain a 198 pattern of digestive efficiency with body mass amounts to circular reasoning. 199
200
Re-assessing data from herbivore feeding trials 201
Given these considerations, a discrepancy in the scaling of gut contents, food intake, and 202 digesta retention, as indicated by empirical data, warrants a re-assessment of both empirical 203 datasets and, potentially, a revision of our understanding of herbivore digestive allometry. An 204 intuitive reason for this discrepancy might be that whereas it is common practice to measure 205 both food intake and digesta retention in the same experiment, gut fill is usually not measured 206 simultaneously, as most experiments do not include the dissection of the experimental 207 animals. The discrepancy of the scaling exponents therefore might simply result from the fact 208 that different datasets have been used to generate these allometries (Clauss et al., 2007a) ; 209 nevertheless, the discrepancy requires further explanation. If in addition to measures of food 210 intake and digesta retention, the apparent digestibility of dry matter is also measured in the 211 same feeding trial, the derivation of indigestible and complete gut fill (as DMC) as indicated 212 in the equations above is possible. Although this has been done repeatedly in individual 213 studies to compare selected species, or make intraspecific or inter-clade comparisons (Baker 214 and Hobbs, 1987; Gross et al., 1996; Behrend et al., 2004; Munn 215 and Barboza, 2008; Clauss et al., 2010b; Franz et al., 2011b; Sawada 216 et al., 2011; Fritz et al., 2012; Munn et al., 2012) , a large-scale comparison of mammalian 217 herbivore gut fill has not been performed so far. Therefore, it is the aim of this study to 218 explore the scaling of food intake, digesta retention, apparent digestibility and the calculated 219 gut fill in mammalian herbivores, using available literature data. Because these variables are 220 used to calculate gut fill according to the principles outlined above, we expect that their 221 scaling relationships also follow these principles. 222
223
The following hypotheses guided our investigation: 224
Across the whole mammal body size range, food intake measured as dry matter 225 intake (DMI) has a scaling exponent close to BM 0.75 (reviewed in Clauss et al., 226 2007a) . 227
(ii) Apparent digestibility generally does not scale with body mass (i.e. to BM 0.00 ) 228 (Justice and Smith, 1992; Wenninger and Shipley, 2000; Pérez-Barbería et al., 229 2004; Clauss et al., 2009; Steuer et al., 2012) , and therefore the scaling exponents 230 of gut fill (BM a ), food intake (BM b ) and digesta retention (BM d ) are associated 231 according to d = a-b. It should be noted, however, that any conclusions concerning 232 the apparent digestibility must be considered in the context of the food sources that 233 were used across experiments. When collating data for a large variety of species 234 from the literature, as we do here, it is highly likely that data from smaller species, 235 which are often kept on artificial feeds for experimental purposes, is combined 236 with data from larger species, which are more often kept on roughage-only diets 237 that are generally less digestible. Thus, a putative negative allometry of 238 digestibility (a decrease with body mass) would be an indication of this uneven 239 distribution of diet quality. How close this potential decrease in diet quality with 240 body size in the dataset actually might resemble the general decrease of diet 241 quality with body size that is supposed to occur in the wild is difficult to judge. 242 Therefore, if scaling is detected between body mass and digestibility, then the 243 scaling exponents of gut fill (BM a ), food intake (BM b ), digestibility (BM c ) and 244 digesta retention (BM d ) are associated according to d = a-b+c. 245 (iii) The low empirical overall scaling exponent for digesta retention (Clauss et al., 246 2007a; Clauss et al., 2009; Müller et al., 2011; Steuer et al., 2011) results from the 247 fact that gut fill, measured as dry matter contents (DMC), does not scale to BM 1.00 248 but to a lower exponent. 249
In parallel to observations on the scaling of mammalian basal metabolic rate 250 (BMR) that does not follow a single exponent across the whole BM range (Clarke 251 et al., 2010; Isaac and Carbone, 2010; Kolokotrones et al., 2010; Müller et al., 252 2012), we expect that DMI also does not follow one single exponent across the 253 whole BM range. In fact, variation in the scaling of DMI across the BM range 254 could be responsible for the observation that digesta retention scales differently in 255 different digestion types, which are distributed unevenly across the BM range 256 (Clauss et al., 2007a) . In accord with Packard (2012), we do not follow the 257 argument that a curvature (or 'quadratic scaling') in double-logarithmic space 258 represents a true mechanistic pattern (Kolokotrones et al., 2010) , but assume that it 259 is the effect of combined simple scaling patterns in the overall dataset and can be 260 used as a test for such scaling combinations (Müller et al., 2012) . A test for such a 261 curvature effect is then followed by analysis of scaling patterns within subsets of 262 the data. In particular, following the dichotomy in metabolism scaling between 263 animals with one and with more than one offspring per litter (Müller et al., 2012) , 264
we expect that food intake has a lower scaling exponent in herbivores that 265 represent the majority of the lower BM range (especially caecum fermenters), and 266 a higher scaling exponent in herbivores that represent the majority of the higher 267 BM range (i.e. non-coprophageous hindgut fermenters, nonruminant foregut 268 fermenters and ruminants), resulting in a typical curvature shape in double-269 logarithmic space, or when plotting body mass-residuals of DMI against body 270
mass. An important question when assessing the individual scaling relationships of 271 intake in different groups will be whether the scaling exponent is similar to that of 272 metabolism, or whether it is actually higher (Hackmann and Spain, 2010) . 273 (v) Differences in the scaling of wet matter gut contents (WMC) and dry matter gut 274 contents (DMC) with BM reflect the finding of Justice and Smith (1992) that 275 larger animals have a higher digesta moisture content; when using the WMC and 276 DMC allometries to calculate the allometry of the dry matter concentration of the 277
GIT contents, the result should be close to that of Justice and Smith (1992) where 278 DM concentration in the contents of the fermentation chamber scales to 22 BM -279 0.08 . 280 (vi) Species with a relatively higher food intake have a relatively shorter retention time 281 (Clauss et al., 2007a; Müller et al., 2011) . Based on the above equation (6), this 282 could in theory lead to relatively lower calculated dry matter gut contents. On the 283 other hand, higher food intake itself should lead to higher calculated gut contents 284 based on the same equation (6). We aim to characterise these interdependencies in 285 our analysis. A longer relative retention time should be related to a higher relative 286 digestibility Clauss et al., 2007b) . 287
Because one of the largest existing datasets on the digestive physiology of large herbivores 288 (Foose, 1982) is basically incompatible with other published data (Clauss et al., 2007a; Clauss 289 et al., 2010b) , we performed the same analyses for both the Foose (1982) The datasets used in this study are 296 a) Foose (1982) , comprising 26 species of large (>100 kg) herbivores from the 297 Artiodactyla, Perissodactyla and Proboscidea, which received two standardized diets 298 (grass and lucerne hay); in this dataset, the unit of reference is organic matter rather 299 than dry matter; and 300 b) the data collation of Clauss et al. (2007a) that was supplemented with additional 301 sources, and pruned according to the following selection criteria. Only sources were 302 used which gave body mass (BM), dry matter intake (DMI), particle mean retention 303 time in the whole gastrointestinal tract (MRT particle GIT,) and the apparent digestibility 304 of dry matter (aD DM) from the same experiment (in some cases, this information had 305 to be collected from several publications reporting on the same experiment). From 306 these data, dry matter content (DMC) of the GIT was calculated as outlined in the 307 Indtroduction. For the sake of a large data collection, we did not select publications 308 according to the passage markers used. Therefore, any particle marker was accepted; 309 however, only studies in which small particles (generally < 2 mm; as opposed to 310 whole forages) were labelled were included. Similarly, we did not select publications 311 according to the type of food offered; therefore, the data collection comprises animals 312 fed on a complete, pelleted diet, animals on mixtures of roughages and concentrates, 313 as well as animals on roughage-only diets. Ideally, a data collection with a 314 standardized diet (such as in Foose, 1982; Steuer et al., 2011; 2012) or with diets 315 representing the natural diets of the species would be preferable, but are not available 316 at a larger scale and over a wide body mass range. With regards to some domestic 317 species (rabbits, horse, goats, sheep, cattle), no attempt was made to collate all 318 published data. For lagomorphs and rodents, only data from trials in which 319 coprophagy was not prevented by the study design were used. For each species, one 320 average value for BM, DMI, MRT particle GIT, aD DM and DMC was calculated using 321 all available data from the cited publications. The data for the resulting 77 mammalian 322 species and its sources are summarized in the Appendix.c) To compare the relationship of wet matter contents (WMC) of the GIT with the dry 324 matter contents, the data collection on WMC collated in Clauss et al. (2007a; n=72 325 species) was used. 326
Species were allocated, according to Stevens and Hume (1995) , to one of the following 327 categories: caecum fermenters, colon fermenters, non-ruminant foregut fermenters, and 328 ruminants (Appendix). Additionally, species were allocated to litter size classes (one or more 329 than one offspring per litter) and body size classes (<10 kg, >10 kg). In order to account for 330 ancestry-biased correlations in the datasets (i.e., significant associations in interspecific 331 datasets might be due to the fact that phylogenetically related species exhibit similar eco-332 physiological traits; Harvey and Pagel, 1991) , the data were controlled for phylogenetic 333 influences using the "Phylogenetic Generalized Least-Squares" method (PGLS; Martins and 334 Hansen, 1997; Rohlf, 2001) . This procedure estimates a covariance matrix of the species due 335 to their ancestral roots and includes these interrelationships as error term in a generalized least 336 squares algorithm to determine the model parameters. The phylogenetic trees for the two 337 datasets were derived by pruning the mammal supertree from Bininda-Emonds et al. (2007, 338 2008) of those species not represented in the datasets. 339
340
Allometric regressions were performed as linear regressions on log-transformed data, with 341 digestive parameters (DMI, MRT particle GIT, aD DM, DMC) as the respective dependent 342 variables, and with log-transformed BM as the independent variable. Tests for a 'curvature' in 343 double-logarithmic space were made using quadratic regressions. Statistical analyses were 344 performed without (ordinary least squares regressions: OLS) and with accounting for 345 phylogeny (PGLS), in PASW 18.0 (SPSS Inc., Chicago, IL) and in R 2. 15.0 (Team, 2011) Within the body mass residuals, intake was negatively correlated with digesta retention in the 359 whole dataset in OLS but not in PGLS ( Table 2 ), indicating that certain taxonomic groups 360 (notably the ruminants) did not follow this pattern (Fig. 1a) . Intake was positively correlated 361 with gut fill in both OLS and PGLS (Table 2 , Fig. 1b ). There was a positive correlation 362 between digesta retention and digestibility in OLS but not in PGLS (Table 2) , because these 363 two residuals showed a clear dichotomy between ruminants and colon fermenters (Fig. 1c) . 364
Digesta retention was not correlated with gut fill in OLS but it was in PGLS (Table 2) , 365 indicating that the relationship only existed within more closely related groups (Fig. 1d) . 366 367
Our dataset 368
Variables scaled as: Food intake (as dry matter intake, DMI) with BM 0.76 ( Fig interval for the scaling of DMC did not include 1.00 (Table 3) . Results for PGLS were 373 similar; notably, the scaling exponent for MRT was lower than in OLS at BM 0.12 . 374 375 When testing for a curvature effect in the overall dataset in OLS, such a curvature (visible 376 when plotting body mass residuals against body mass) was evident for dry matter intake (Fig. 377 2b) and for digesta retention (Fig. 2h ), but not for digestibility (Fig. 2d ) or gut contents (Fig.  378 2f). The full term describing the curvature was significant, with 95% confidence intervals that 379 did not include zero for the quadratic term, for intake and digesta retention only (Table 4) ; the 380 exponent of the quadratic term had a similar magnitude but a different sign for these two 381 measurements (intake: 0.053, retention: -0.057). In PGLS, these quadratic terms were not 382 significant ( Table 4 ), indicating that the effect of the curvature was caused by the 383 phylogenetic structure of the dataset. 384 385 Splitting the overall dataset led to different scaling exponents for the various subsets (Table  386 5). The scaling of food intake had a lower exponent among species that produce more than 387 one offspring per litter or that are below a 10 kg threshold (95%CI 0.57-0.70 in OLS and 388 0.64-0.81 in PGLS), as opposed to species with one offspring per litter or above the 10 kg 389 threshold (95%CI 0.82-0.96 in OLS and 0.74-0.95 in PGLS). The scaling of dry gut contents 390 was similar among these groups (0.91-0.94 in OLS and 0.84-0.96 in PGLS; never including1.00 in the 95%CI in OLS but for the larger animals in PGLS). In OLS, there was a difference 392 in the scaling of digesta retention between these groups, with a significant scaling exponent in 393 animals with more than one offspring per litter or below the 10 kg threshold, in contrast to no 394 significant scaling (95% confidence interval for the exponent included zero) in animals above 395 the 10 kg threshold (Table 5 ). In PGLS, the exponent of the MRT scaling in the animals with 396 more than one offspring per litter/below the 10 kg threshold was distinctively lower than in 397 OLS, with 95%CI approaching or including zero (Table 5 ) and thus making the scaling in this 398 group similar to the scaling in the group of animals with one offspring per litter/more than 10 399 kg. Notably, the 95%CI of the scaling exponent of intake and dry gut contents overlapped in 400 animals with a single offspring/animals >10 kg in OLS, and for all herbivores in PGLS. 401 402 Splitting the species into the four digestion types resulted in similar patterns, with a lower 403 scaling exponent for intake, and a higher one for digesta retention, in the (small) caecum 404 fermenters as compared to the other groups in OLS (Table 6 ). In PGLS, these differences 405
were not evident; in particular, the scaling exponent for MRT in caecum fermenters was much 406 lower in PGLS at 0.14 than in OLS at 0.27, suggesting the high scaling previously reported in 407 caecum fermenters of 0.25 (Clauss et al., 2007a ) was due to an uneven distribution of 408 phylogenetically distant species within this data subset (Table 6) . A scaling exponent of 1.00 409 for gut fill was only included in the confidence interval for ruminants in OLS, and for colon 410 fermenters and ruminants in PGLS. The 95% CI of the scaling exponent overlapped for intake 411 and gut fill in all but the caecum fermenters in OLS, and in all four groups in PGLS (Table 6) . 412 413 Within the body mass residuals of the whole dataset (Table 7) , intake was negatively 414 correlated with digesta retention (Fig. 3a) and positively with gut fill (Fig. 3b ) in both OLS 415 and PGLS. Although digestibility was negatively related to intake and positively related to 416 digesta retention (Fig. 3c ) in OLS, these relationships were not significant in PGLS (Table 7) , 417
i.e. they do not occur within more closely related taxa. By contrast, digestibility was 418 negatively related to gut fill in PGLS, indicating that among more closely related species, 419 those with a higher gut fill had lower digestibilities. Gut fill was positively related to digesta 420 retention in both OLS and PGLS (Table 7 , Fig. 3d) . 421
422

Wet gut contents 423
When testing for a scaling curvature in the dataset on wet gut contents, the quadratic term was 424 not significant (OLS p=0.706; PGLS p=0.463 The aim of this study was to test whether empirical data allow evoking differences in the 434 allometric scaling between physiological characteristics, to explain species diversification and 435 niche differentiation along a body size gradient in herbivores. Two effects have previously 436 been associated with body size-driven diversification in mammalian herbivores, namely a 437 higher scaling of food intake as compared to the scaling of metabolism (Hackmann and Spain, 438 2010) , and a distinct difference in the scaling of food intake and gut fill, leading to a positive 439 scaling of digesta retention time (Demment and Van Soest, 1985) . If we assume that the 440 results of controlled feeding studies are indeed representative of the digestive physiology of 441 the animals investigated, then the results indicate that from these two effects, the former 442 represents the more promising approach, in particular for larger herbivores. 443
444
We suggest several reasons for the fact that the concept of an increasing difference between 445 intake and gut fill, and hence increasing digesta retention time with body size, does not apply 446 to herbivores to the extent previously suggested. Indeed, the concept has been questioned 447 repeatedly based on the empirical finding that the expected scaling of digesta retention with 448 body mass cannot be demonstrated (see Introduction). Similarly, the results of our study 449 demonstrate that any scaling of digesta retention, though principally existent, is below the 450 quarter-power scaling often associated with biological times (Illius and Gordon, 1992; Brown 451 et al., 2012) . Because of the mathematical relationships between intake, digestibility, retention 452 and gut fill, this translates into the following deviations from the original concept: gut fill 453 does not scale linearly with body mass, but to a slightly lower exponent (the 95%CI often did 454 not include 1.0); on the other hand, intake scales to an exponent higher than 0.75 in large 455 herbivores. Therefore, the difference between the two scaling exponents is lower than 456 assumed when interpreting the Jarman-Bell principle in terms of digestive physiology, with 457 confidence intervals overlapping in many datasets. Additionally, there is a slight negative 458 scaling of digestibility with body mass in these experiments, which also reduces the scalingexponent of retention time (see Introduction). The ultimate reason why digesta retention 460 shows a low scaling with body mass in herbivores might stem from the fact that from a 461 certain body size upwards, a further increase in retention time will not, on average, convey 462 additional advantages, principally because the additional gain from exposing digesta to the 463 digestive process for a longer time is lower than the gain from additional food intake 464 . 465 466 Several arguments can be put forward to support the validity of our findings. The below-467 linear scaling of gut contents was present in both of the datasets investigated (Tables 1 and 3) . 468
The assumption that gut contents (as a proxy for gut capacity) scale linearly with body mass 469 was originally derived from datasets that related wet gut content mass to body mass (Parra, 470 1978; Demment and Van Soest, 1985; Justice and Smith, 1992; Clauss et al., 2007a; Illius and 471 Gordon 1992 is the only publication that uses dry matter gut contents and also arrives at linear 472 scaling, but the dataset comprised only 16 species). If one assumes that this finding translates 473 directly into a similar scaling for that unit of gut fill related to food intake (i.e. dry matter), 474 then one makes the silent assumption that the proportion of moisture in gut contents is similar 475 across all body sizes (as done by Demment, 1983) . However, Justice and Smith (1992) 476 reported that the DM concentration of the contents of the fermentation chamber scales to BM -477 0.08 -in other words, the contents of this part of the gut becomes more watery in larger 478 animals. Their finding is corroborated by our comparison of the scaling of total wet and dry 479 matter gut contents, which yields a similar negative scaling at BM -0.13 to BM -0.17 . Similarly, 480 Müller et al. (2011) found, in a comparative analysis of mean retention times of particle and 481 solute (fluid) markers, that the difference between these two digesta phases tends to increase 482 with body mass -not necessarily because particles are retained longer in larger animals, but 483 also because fluids are passed through their digestive system at a higher rate. One non-484 exclusive ultimate reason for this might be the fact that in the larger guts of larger animals, 485 diffusion distances from within the digesta to the sites of absorption in the gut wall are 486 increased (Clauss and Hummel, 2005) , a problem that could be solved by a more fluid digesta 487 (Lentle et al., 2006) . Thus, we suggest that the assumption that that part of gut fill relevant to 488 food intake and digestibility (i.e. the dry matter gut fill) scales linearly with body mass cannot 489 be defended until more data become available. 490
491
The other important assumption that is challenged by our findings is that food intake scales 492 uniformly to BM 0.75 . Unfortunately, a direct inclusion of data on basal metabolic rate (BMR) 493 in our study is not feasible; although BMR has been measured in a large variety of 494 mammalian species (McNab, 2008) , the large animals that form a majority of our dataset are 495 not included in the available BMR data pool. Therefore, we need to refer to comparisons of 496 our findings to those from BMR studies, inherently with a distinct difference in the species 497 sets investigated. In the debate on the scaling of basal metabolic rate, it has been found 498 repeatedly that across the whole mammalian body mass range, a single allometric exponent 499 does not represent the data very precisely, but that either a curvature in log-log space, or a 500 combination of different scaling relationships of subgroups provides a better fit (Hayssen and 501 Lacy, 1985; Clarke et al., 2010; Isaac and Carbone, 2010; Kolokotrones et al., 2010; Müller et 502 al., 2012) . The magnitude of an overall mammalian scaling exponent will therefore depend 503 either on the body mass range included in the analysis (Lovegrove, 2000; Dodds et al., 2001; 504 Glazier, 2005; White and Seymour, 2005) , the taxonomic composition of the sample 505 (Hayssen and Lacy, 1985; Sieg et al., 2009; White et al., 2009; Capellini et al., 2010) , or on 506 the inclusion of animals according to certain biological characteristics (McNab, 2008; Müller 507 et al., 2012) . Although our species sample of mammalian herbivores is lower than the datasets 508 used to investigate the scaling of metabolism, a similar 'curvature effect' is evident in the 509 intake and retention data ( Fig. 2ab and 2gh ). Our findings thus provide further support to 510 these previous studies that scaling exponents are not necessarily a universal characteristic for 511 the whole mammalian clade, but may differ either between different groups, or vary across 512 the body mass range. In particular, the results indicate that the group of mammals that can be 513 classified as either small, giving birth to multiple young at a time, or being caecum fermenters 514 has a generally lower scaling of food intake than animals classified as larger, giving birth to a 515 single offspring, or being colon fermenters, nonruminant foregut fermenters or ruminants. 516
Which of these classifications is biologically relevant for the difference in scaling, or whether 517 they are all proxies for a yet undefined functional subdivision of mammals, remains to be 518 investigated. Because a similar 'curvature effect' is evident in the scaling of metabolic rate, 519
where not only herbivores but also other feeding types were included in the dataset 520 (Kolokotrones et al., 2010; Müller et al., 2012) , we suggest that digestive strategy is unlikely 521 to be the relevant proxy. Regardless, our study suggests that the use of one single exponent to 522 describe relative metabolic rates or relative food intakes may be convenient, but should not be 523 the basis for biological models. 524
525
Within one notable subset of large herbivores, the ruminants, the assumption that food intake 526 scales to BM 0.75 has previously been refuted based either on conceptual approaches or 527 collections of empirical data: Mertens (1994) and Südekum (2002) explain that for low-528 quality forages, relating food intake in domestic ruminants to body mass may be more 529 appropriate than using metabolic body mass as the basis. Hackman and Spain (2010) collated 530 data on the voluntary food intake (VFI) in domestic and wild ruminant species in a dataset 531 more comprehensive than ours (that was limited to studies that also measured digestibility and 532 retention), and concluded that VFI scaled to BM 0.9 , which was similar to that described in 533 previous studies on domestic ruminants (Graham, 1972; Minson, 1990; Reid et al., 1990) . The 534 authors concluded that the intermediate scaling between metabolism (0.75) and gut fill (1.0) 535 indicated that both metabolic and physical constraints determine food intake; they also 536 conclude that the putative difference between the scaling of metabolism (0.75) and the scaling 537 of intake (0.9) allows larger animals to ingest lower-quality food and still meet their energetic 538 requirements. Note that this interpretation of scaling differences does not draw on an alleged 539 scaling of digestion efficiency and retention times. 540
541
The assumption that intake might scale to a higher exponent than basal metabolic rate is 542 supported when comparing the intake scaling exponent of large herbivores/herbivores with 543 one offspring of this study (0.81-0.89, Table 5) with that of the BMR in mammals with one 544 offspring (0.76; Müller et al. 2012) . In contrast, for the small herbivores/herbivores with more 545 than one offspring, such a difference is not evident at 0.62-0.72 for the intake scaling 546 exponent in this study and 0.69 for that of BMR (Müller et al. 2012) . To explain body size 547 effects in this group, factors such as variation in feeding selectivity and caecotroph use via 548 coprophagy must be further investigated (Justice and Smith, 1992; Franz et al., 2011b) . In 549 particular, it remains unknown whether the proportion of intake achieved via coprophagy 550 varies systematically with body mass. Preliminary results indicate that this proportion 551 increases with increasing dietary fibre content (Takahashi and Sakaguchi, 1998). If we 552 assume that compared to smaller species, larger caecum fermenters are adapted to lower-553 quality diets (i.e. diets higher in fibre), and should therefore be generally adapted to a higher 554 proportion of intake via coprophagy, this might help explain the lower scaling of intake via 555 food (as measured in the digestion experiments collated in this study) in this group. Further 556 studies that assess the contribution of coprophagy over a wide range of body sizes are 557 required to explore this possibility. 558
559
Apart from the logical issue with drawing conclusions on the scaling of digestibility from the 560 scaling of digesta retention explained in the Introduction, our data collection yields some 561 further insights concerning correlates and effects of digesta retention. As reported previously 562 in inter-and intraspecific analyses (Clauss et al., 2007a; Clauss et al., 2007b; Müller et al., 563 2011; Steuer et al., 2011) , species with a higher relative food intake have comparatively 564 shorter retention times (Fig. 3a) . Langer and Snipes (1991) suggested that interspecifically, 565 animals achieve longer digesta retention by higher gut capacities, a concept supported by our 566 findings (Fig. 3b) . Additionally, capacity for a higher gut fill will allow a higher food intake 567 (Fig. 3d) . 568
569
Although increasing retention times may be associated with higher general digestive 570 efficiencies in intraspecific studies (Clauss et al., 2007b) , this effect is most evident in 571 interspecific comparisons in relation to the digestibility of the fibre component of the food 572 Clauss et al., 2009) . When comparing the overall diet 573 digestibility, as in this study, where we collated data on the dry matter or organic matter 574 digestibility but not the fibre digestibility, no significant effect of digesta retention on 575 digestibility is evident when accounting for the phylogenetic structure of the data (Table 3 and 576 7). In other words, although larger clades differ systematically in retention and digestibility, 577 such as the colon fermenters and ruminants in Fig. 1c , the effect is not evident among more 578 closely related species -in the case of the Foose (1982) dataset even though consistent diets 579 were used. One potential reason is that digesta retention is not the only determinant of 580 digestibility, but acts together with digesta particle size reduction, either compensating for 581 poor chewing efficiency (as for example in hippopotamuses) or reinforcing a high chewing 582 efficiency (as in the ruminants) (Clauss et al., 2009) . Another potential reason is that overall 583 dry matter digestibility does not necessarily reflect fibre digestibility. A small-scale data 584 collection in Clauss and Hummel (2005) suggested that fibre digestibility may vary more 585 across a large herbivore body mass range than does overall diet digestibility, which remained 586 rather constant (as in this study). The authors summarized concepts that interpret these data as 587 indication for a better utilization of non-fibrous food components in smaller animals, 588 including the segregation of bacterial protein during caecotroph formation by the colonic 589 separation mechanism (Björnhag, 1987; Franz et al., 2011b) . Understanding how bacterial 590 nitrogen utilization and endogenous/metabolic nitrogen losses vary with body mass and 591 between the different herbivore digestive strategies remains one of the major challenges in 592 studying herbivore digestive physiology . 593
Herbivores will maximize energy intake if they maximize feeding selectivity, food intake and 595 digesta retention (by increasing gut fill), particle size reduction (by more elaborate cranio-596 dental designs and by sorting mechanisms in ruminants that increase chewing efficiency), and 597 minimize endogenous/metabolic faecal losses. The major dilemma in this array of factors is 598 that increasing food intake is usually associated with a lower feeding selectivity, shorter 599 digesta retention and reduced particle size reduction (Clauss et al., 2010a) . It is commonly 600 assumed that the different herbivore species or groups represent different, equally successful 601
'digestive strategies' to solve this dilemma, varying in the emphasis of the individual 602 interrelated factors (Hume, 2005) . Alternatively, one can hypothesize that the sequence of 603 radiation events in herbivores indicates different levels of optimization of the overall interplay 604 of these factors (Fritz et al., 2009 ). For example, bovid ruminants, as the most recently 605 radiated large herbivore group, potentially represent the hitherto most sophisticated design 606 that combines high food intakes, long retention times and high chewing efficiency with a very 607 efficient use of the symbiotic microflora (Clauss et al., 2010a; Müller et al., 2011 dry matter intake (DMI in kg d -1 ); apparent digestibility of dry matter (aDDM in %); dry 896 matter gut contents (DMC in kg); particle mean retention time (MRT in h) 897 898 Table 2 . Data collection of this study
Gastrointestinal anatomy (GIT-Anatomy), number of offspring per litter (Nos offspring) mean of body mass (BM), dry matter intake (DMI), mean retention time of particle markers (different markers) through the whole gastrointestinal tract (MRT), apparent digestibility of dry matter (aD DM) and calculated mass of dry matter gastrointestinal tract content (DMC) of 77 herbivorous mammalian species for which all relevant data were measured in individual studies (Sakaguchi and Ohmura, 1992) Cricetus cricetus 1 >1 0.11 0.011 9.1 66.5 0.003 (Sakaguchi et al., 1987) Neotoma lepida 1 >1 0.13 0.010 4.0 55.0 0.001 (Karasov et al., 1986) Octodon degus 1 >1 0.18 0.010 15.5 69.9 0.004 (Sakaguchi and Ohmura, 1992) Arvicola terrestris 1 >1 0.23 0.024 5.4 58.5 0.004 (Woodall, 1989) Rattus norvegicus 1 >1 0.30 0.024 13.1 59.9 0.009 (Sakaguchi et al., 1987) Cavia porcellus 1 >1 0.57 0.036 21.1 70.1 0.020 (Sakaguchi et al., 1987; Sakaguchi and Nabata, 1992; Sakaguchi et al., 1992b; Sakaguchi and Ohmura, 1992; Franz et al., 2011 ) Spermophilus columbianus 1 >1 0.66 0.026 22.1 75.4 0.015 (Hume et al., 1993) Hapalemur griseus 1 1 1.04 0.027 47.5 76.3 0.033 (Campbell et al., 2004) Oryctolagus cuniculus 1 >1 2.01 0.079 42.6 68.4 0.088 (Sakaguchi et al., 1987; Sakaguchi and Hume, 1990; Sakaguchi et al., 1992a; Franz et al., 2011) Marmota caligata 1 >1 2.31 0.112 28.9 81.0 0.080 (Hume et al., 1993) (Campbell et al., 1999) Propithecus verreauxi 1 1 3.58 0.072 33.5 68.8 0.066 (Campbell et al., 1999; Campbell et al., 2004) (Dellow, 1982; Dellow and Hume, 1982) Macropus eugenii 3 1 4.80 0.117 24.8 59.8 0.084 (Dellow, 1982; Dellow and Hume, 1982) Trachypithecus auratus 3 1 6.00 0.140 45.0 63.5 0.179 (Nijboer et al., 2007) Colobus angolensis 3 1 7.50 0.118 77.0 89.0 0.210 Trachypithecus johnii 3 1 9.50 0.157 42.0 79.0 0.166 (Comizzoli et al., 1997; (Forbes and Tribe, 1970; Dellow, 1982; Dellow and Hume, 1982) Macropus rufus 3 1 28.7 0.468 36.7 48.8 0.467 (Foot and Romberg, 1965; McIntosh, 1966; Forbes and Tribe, 1970; Dellow, 1982; Dellow and Hume, 1982; (Conklin and Dierenfeld, 1994) Cephalophus monticola
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